Abstract. In an optic nerve fiber of the compound eye of the horseshoe crab, Limulus, the time course of a train of nerve impulses discharged in response to illumination reflects the interplay of excitatory and inhibitory influences. Responses to sinusoidally modulated excitation and inhibition, as a function of frequency, were measured separately and in combination. A simple linear superposition of the separate frequency responses properly accounts for the composite frequency response for both synchronous and asynchronous modulation of the excitatory and inhibitory influences. In general, the effect on the frequency response of increasing the delay of the inhibitory influence is progressively to shift the maximum amplitude to lower frequencies and gradually to produce pronounced maxima and minima in both the amplitude and phase.
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The so-called frequency response of a single ommatidium in the compound eye of Limulus expresses the amplitude and phase of variation in the rate of impulse discharge as a function of the frequency of sinusoidal modulation (at a fixed amplitude) of the intensity of incident light. The amplitude curve of the frequency response is unimodal. At low frequency it shows general features of a transducer which applies a "sluggish gain control" to input signals. The amplitude is relatively small at low frequencies, but increases with frequency as the gain control becomes less able to follow the input signal. Since such a gain control still will be reducing the output signal at the moment when the input sinewave reaches its crest, there will usually be a low-frequency phase lead. An eventual high-frequency cut-off and a pronounced phase lag may be anticipated on very general grounds: the time resolution of any real transducer is limited; and the time necessary for internal processing imposes an increasing lag between input cause and output effect as that limit is approached.
The gain control within an ommatidium is partly an adaptation of excitatory processes to the changing light levels', and partly self-inhibition2. The addition of lateral inhibition by illuminating neighboring ommatidia causes a further decrease in the amplitude of responses to low frequencies and an enhancement, or amplification, at intermediate frequencies. 3 This latter effect is caused by a significant delay to the maxima of the unit inhibitory potentials. At some frequencies, because of this delay, the maxima of inhibition will approach or coincide with the minima of excitation, depressing the rate of discharge there even further, and at the same time minima of inhibition will coincide with maxima of excitation, leaving that rate relatively less affected. 4 The following experiments show the effects of artificially introducing further delays between excitation of one element and inhibition by neighbors. In general, we find that with increasing delays the gain increases at lower frequencies and the frequency response becomes multimodal, as predicted by superposition of independently measured excitatory and inhibitory effects.
Methods and materials. A compound eye of the horseshoe crab, Limulus, and about 1 cm of the optic nerve were excised and mounted in a moist chamber. A small strand of the nerve was dissected until a single active fiber from an ommatidium near the center of the eye remained on the cotton wick electrode. The stimulus pattern consisted of a small central spot, confined to that one ommatidium, and a surrounding annulus, each formed by a separate fiber-optics array. After the experiment, the fiber-optics arrays were left in place on the corneal surface of the eye. The soft tissues of the retina were removed and a photograph was taken of the crystalline cones thus exposed on the inner side of the chitinous cornea ( Fig. 1 parameters: its trough-to-crest amplitude, and the phase by which its crest differed from the crest of the stimulating light.
In one type of experimental run, the light intensity of the annulus was held constant while that of the central spot was modulated. The impulse data thus collected were processed, as described in the previous paragraph, to determine the amplitude and phase of the response to this flickering light excitation. Interleaved were runs of a second type, in which the central spot was held steady and the surrounding annulus was modulated. This produced a modulation of lateral inhibition upon the central neuron, and hence also produced a modulation of its instantaneous firing rate. In the third type of run, the central spot and the surrounding annulus were both modulated with various delays between the modulation of center and surround. The resulting frequency response was thus a composite of the excitatory modulation and the inhibitory modulation.
Theory and Results. The simplest possible assumption concerning the manner in which the Limulus eye treats mixed inputs is that it is a "time-invariant linear system." In essence this assumption asserts that a superposition of individual inputs leads to an output which is the superposition of the corresponding individual outputs. Two nontrivial consequences of this assertion are (i) a sinusoidal input leads to a sinusoidal output, whose amplitude and phase may be frequency dependent, and (ii) knowledge of output amplitude and phase, at all frequencies and from sinusoidal inputs applied at all input points, completely characterizes the input-output behavior of the system. Recent work' suggests that the time-invariant linear assumption should be a good one for the Limulus eye under the conditions of this experiment. Thus the separate frequency responses for direct excitation and lateral inhibition shown in Fig. 2 
Here RE(f) is the complex number given by
where AR(C) and 4kE(I) are the excitatory amplitude and phase given in Fig. 2A .
RI(f) is similarly formed from Fig. 2B , and the complex number RT(f) resulting from Eq. 1 has the amplitude and phase predicted by linear superposition. A more general case is that in which the sinusoidal waveform stimulating the inhibitory annulus is delayed, by a lag time r, behind the waveform stimulating the central excitatory spot. This case is of interest for two reasons. First, the time delay may be used to mimic physiological inhibitory delays in other retinas. Second, the addition of an artificial phase shift to the inhibitory The frequency-dependent phase lag, introduced by the time lag T, is equal to the phase lag of the unit-amplitude complex number exp (-2irirf), whence the appropriate generalization of Eq. 1 is RT(f) = RE(f) + (exp (-2irirf)) *RI(f).
(3) Equation 1 is recovered for the special case T = 0. We have fit continuous curves to the data of Fig. 2 by eye, and, using Eq. 2 and 3, have predicted the outcome of the inhibitory-lag experiment using several lag times. The results are shown in Fig. 3 .
The introduction of a substantial inhibitory lag time introduces considerable structure into the predicted frequency response curves. An extremum in amplitude is found near any frequency where the excitatory phase differs from the total inhibitory phase (intrinsic plus lag) by a multiple of 'r radians. Consecutive maxima and minima arise as the inhibitory influence consecutively reinforces and opposes the excitatory influence. The larger the time lag, the smaller the frequency change needed to shift the inhibitory phase from opposition to reinforcement and back.
We tested these theoretical predictions in experiments in which both light sources were modulated. In one type of run the modulations were synchronous. In the other type, the modulation of the annulus was delayed by 300 msec. The results are shown in Fig. 4. Fig. 4A is for the 300 msec delay and Fig. 4B for no delay. There are two sets of experimental data: one set (open dots), obtained just before the experiment of Fig. 2 ; the other set (solid dots), obtained just after that experiment. The solid lines were predicted from Fig. 2 , using Eq. 3.
For detailed comparison with Fig. 3 , we show the results of a similar experiment on a different preparation in Fig. 5 Fig. 4 , except for differences in configuration Fiorentini8 obtained a result very simi-of illumination and depth of modulation. lar to our Fig. 4A . They explain the result in a way equivalent to our Eq. 1. Thus the cat retina furnishes a natural physiological inhibitory time delay which yields a result similar to that which we obtained from the Limulus retina by artificially imposing an inhibitory delay externally. For an interpretation of the effects of lateral inhibition on the sensitivity of the human eye to sinusoidal flicker, see Kelly9 and Fiorentini and Maffei.'0 Naturally occurring delays, similar to those artifically produced in our experiments, may be of considerable significance in color vision. De Lange'" found that, for the human subject, sinusoidal red and green stimuli of equal luminance still appear to flicker when 1800 out of phase. This flicker cannot be eliminated by merely adjusting the luminance of the two colors; an additional phase shift has to be introduced. Further psychophysical measurements by Walraven and Leebeck12 and by Kelly'3 strongly suggest that the different color systems introduce different phase shifts. (For a recent study of the temporal characteristics of the color sensitive mechanisms in the human eye, and a brief review of the literature see Green.14) A possible mechanism underlying some of the color phenomena described above has recently been discovered by Spekreijse and Norton.'5 They have observed significant natural differences in the phases of intra-retinal S-potentials (goldfish retina) elicited by sinusoidal stimuli of different wavelengths. The importance of delayed lateral inhibition in directionally-sensitive retinal ganglion cells has been pointed out by Barlow and Levick. '6 
